Human hemoglobin provides a model for studies concerned with the relationships of structure and biologic function of proteins. Older evidence for conformational differences between oxygenated and deoxygenated normal hemoglobin (1) has recently been confirmed and extended by X-ray crystallographic studies (2) and by comparison of the dissociation (3) and of the hybridization (4) of the oxygenated and deoxygenated pigments.
Human hemoglobin provides a model for studies concerned with the relationships of structure and biologic function of proteins. Older evidence for conformational differences between oxygenated and deoxygenated normal hemoglobin (1) has recently been confirmed and extended by X-ray crystallographic studies (2) and by comparison of the dissociation (3) and of the hybridization (4) of the oxygenated and deoxygenated pigments.
Normal and abnormal human hemoglobins have been utilized in the past by other workers for investigation of relationships between structure and oxygen equilibria. Some of these observations, grouped on the basis of the structure of the hemoglobins studied, are briefly cited below. 1) Normal human, hemoglobins A (aA p2A), F (a,2A 'F), and A. (a2A 8A-) are tetramers containing apparently identical aA polypeptide chains, but differing in the non-alpha chains. Extensive studies of the oxygen equilibria of hemolysates prepared from the erythrocytes of normal subjects and of normal erythrocytes, containing almost entirely hemoglobin A, provide values with which data on other human hemoglobins may be compared. The increased oxygen affinity observed in the whole blood of newborn infants (5, 6) cannot be due solely to the presence of hemoglobin F, since solutions of hemoglobin F and of hemoglobin A exhibit the same oxygen dissociation curves (7, 8 the oxygen equilibria of erythrocytes obtained from an adult in whom hemoglobin F comprised 69%o of the total pigment resembled the oxygen equilibria of normal adult blood rather than that of cord blood. These workers (8) suggested that differences between the fetal and adult red cell other than the type of hemoglobin must be concerned in the oxygenation function of whole blood obtained from newborn infants.
Although hemolysates containing large proportions of hemoglobins F or A can be studied directly, isolation procedures must be utilized to achieve appropriate concentrations of some of the minor components. For example, since hemoglobin A, (a2A SA2) accounts for only 5 or 6%o of the hemoglobin of subjects with thalassemia minor, for functional studies at least partial isolation of hemoglobin A, is required. RossiFanelli, Antonini, Benerecetti, and De Marco (9) isolated hemoglobins A and A2 electrophoretically and found no significant difference in the oxygen dissociation curves. Meyering, Israels, Sebens, and Huisman (10) and Huisman, Dozy, Nechtman, and Thompson (11) , however, employed column chromatography for separations and found that hemoglobin A, exhibited increased oxygen affinity as compared with hemoglobin A.
2) Abnormal hemoglobins with single amino acid substitutions. The functions of some of the abnormal hemoglobins that result from single amino acid substitutions in one pair of polypeptide chains have been studied. Among these are pl-chain variants, hemoglobin S (a2A 2 6 val), hemoglobin C (a2A /326lYs), hemoglobin DO, and an a-chain variant, hemoglobin I. Although decreased oxygen affinity has been observed in whole blood from patients with sickle cell anemia (12) (13) (14) (15) , data concerning the oxygen affinity of solutions of hemoglobins S are conflicting (16 Because large proportions of methemoglobin were sometimes encountered in solutions of hemoglobin A2 prepared by electrophoresis on starch granules, Pevikon was utilized as the supporting medium for the initial electrophoretic separation of hemoglobin A2. The separations of hemoglobins A2 and A on Pevikon were obviously incomplete and 12 to 27% (mean, 24%o) contamination of A2 with A was found on the second (starch granule) electrophoretic separation after completion of studies of oxygen function. Methemoglobin formation was, however, much less on Pevikon than on at least some lots of starch. The data on isolated hemoglobins Lepore and A2 in the present report were not corrected for the observed contamination with hemoglobin A.
3) Studies of oxygen equilibria. Studies of oxygen equilibria of the isolated components were completed within 30 hours after the blood samples were obtained. (Studies of whole hemolysates were completed within 6 hours.) Determinations of oxygen equilibria were carried out at 20°C on hemoglobin solutions of 0.1 g per 100 ml (0.06 mM heme) concentration, by a modification of the method of Riggs (28) and of Allen, Guthe, and Wyman (29) . The oxygen saturation was calculated from measurements of optical density made in a Beckman DU spectrophotometer at 580 and 564 mu. Adequate deoxygenation of the hemoglobin solutions was indicated by the following ratios for each sample: 1) the ratio of the optical density of the deoxyhemoglobin at 564 my to the optical density at 580 myL was 1.26 to 1.35 (mean = 1.31) and 2) the ratio of the optical density of the deoxyhemoglobin at 564 mA to the optical density of the oxyhemoglobin at 580 mtt was 0.79 to 0.86 (mean = 0.82).
The range of value for n from Hill's equation (30) Figure   1A , the difference between the oxygen dissociation curves of these two hemolysates at pH 7.00 was not sufficient to be significant. In Figure 1B , the relationships between log P50 and different pH values were demonstrated. The regression lines (the slopes of which represent the Bohr effect) for lines I and II appeared about the same. The absence of significant differences in oxygen function between normal unfractionated hemolysates and hemolysates containing 12%7 hemoglobin Lepore was confirmed on statistical evaluation.
2) Isolated Lepore hemoglobin. In Figures  2A and 2B , data on electrophoretically isolated hemoglobin Lepore (line IV) were compared with normal hemoglobin that had been diluted to approximately the concentration of hemoglobin Lepore before electrophoresis (line III). Figure 2A contains the oxygen dissociation curves of these two hemoglobins at pH 7.00; under these circumstances hemoglobin Lepore appeared to have a greater oxygen affinity than did normal hemoglobin. From Figure 2B , it is clear that hemoglobin Lepore had a greater oxygen affinity at each of several pH values between 6.8 and 7.6. hemoglobin As (line V) disclosed no significant differences in oxygen affinities. The standard deviation for the regression of isolated hemoglobin A, was 0.0566, and for hemoglobin A at an equivalent con-The increased oxygen affinity of hemoglobin Lepore was statistically highly significant. Figure  2B also contains the plots for unfractionated hemolysates (lines I and II) from Figure lB. The difference between hemoglobin A isolated electrophoretically in dilute solution (line III) and normal unfractionated hemolysate (line I) is of interest: the increased oxygen affinity of the isolated normal hemoglobin as compared with whole hemolysate was statistically significant and presumably resulted from alterations in the protein occurring during the isolation procedure. In Figure 2B , the slopes of the regression lines of isolated hemoglobin Lepore and of the isolated normal hemolysates may be different, thus suiggesting the possibility of an altered Bohr effect for hemoglobin Lepore. This alteration, however, was of borderline statistical significance.
3) Isolated hemoglobin 2. Isolated hemoglobin A, (line VI) and normal hemoglobin diluted to a concentration equivalent to that of the hemoglobin A, before electrophoresis (line V) are compared in Figures 3A and 3B . Figure 3A showed no difference in the oxygen dissociation curves of these two hemoglobins at pH 7.00, and their regression lines demonstrated in Figure 3B appeared the same. These conclusions were supported by statistical analysis.
Discussion
In our studies, identical oxygen dissociation curves of the minor component of normal hemoglobin, hemoglobin A2, and of the major component hemoglobin A were observed. Rossi-Fanelli and co-workers (9) obtained similar data for hemoglobins A, and A, whereas others (10, 11) have found hemoglobin A2 to have a higher oxygen affinity than hemoglobin A. No significant difference in the Bohr effect of hemoglobin A2 as compared to hemoglobin A was observed in these or previous studies. The differing conclusions concerning oxygen affinity of hemoglobin A2 may have resulted from differences in techniques of isolating the components. For the present studies and for those of Rossi-Fanelli and co-workers (9), zone electrophoresis was employed; our studies of oxygen equilibrium were completed within 30 hours after the blood was shed. Huisman and coworkers (10, 11) , however, isolated hemoglobin A. by DEAE cellulose chromatography, and approximately 72 hours elapsed before determinations of oxygen equilibria. In the present studies, a higher oxygen affinity of isolated hemoglobin A was noted when hemoglobin A was diluted before rather than after the electrophoretic separation. Therefore, control hemoglobin A was diluted to the same concentration as hemoglobin A2 or hemoglobin Lepore before the electrophoretic separations.
The interaction constant, it, defined by Hill's equation, is approximately 3 for normal human hemoglobin. The oxygen dissociation curves of hemoglobin A, and hemoglobin Lepore exhibited no evidence of decreased heme-heme interaction when compared to similar data on isolated hemoglobin A. Values for n, however, were about 2.6 for each of the three isolated components: A, A2, and Lepore. These changes in the interaction constant presumably resulted from changes in the protein during the isolation procedure. Similar values for it were obtained by Rossi-Fanelli and co-workers (9) . (Studies with a value for n of 2.3 or lower probably represented excessive denaturation and were discarded in the present study.) The n values obtained by Huisman and co-workers (11) in studies of isolated hemoglobin A., ranged between 1.4 and 2.0.
The increased oxygen affinity of isolated hemoglobin Lepore demonstrated in these studies resembled that observed by Huisman and co-workers (18) . The expected and observed effect of this increase in oxygen affinity of hemoglobin Lepore on the unfractionated hemolysate was so centration it was 0.0360. The regression coefficients for these two hemoglobins were homogeneous (0.5 > p > 0.3), and the regression lines were not significantly different (0.5 > p > 0.3). The regression coefficients for isolated hemoglobin A2 and unfractionated normal hemolysates were homogeneous (p > 0.5), although the regression lines differed (0.0005 > p). The regression coefficients of hemoglobin A at a concentration equivalent of hemoglobin A2 and unfractionated normal hemolysates were homogeneous (0.3 > p > 0.1); these regression lines were also different (0.0005 > p). slight as to be within experimental error. In addition, the data were compatible with a small difference in the magnitude of the Bohr effect of isolated hemoglobin Lepore when compared with hemoglobin A at an equivalent concentration. Since denaturation in general increases the oxygen affinities of hemoglobins, it is possible that the increased affinity of hemoglobin Lepore is due to an increased amount of denaturation. However, since the values for n were about the same for hemoglobin Lepore and hemoglobin A, there is no evidence of any major difference in the amount of denaturation. Furthermore, the concentrations of methemoglobin in the two hemoglobins were also approximately the same. Since Lepore amounts to only 12% of the total hemoglobin, comparison of oxygen equilibria of the isolated component with those of hemolysates or of erythrocytes containing hemoglobin Lepore would not provide crucial evidence concerning denaturation.
Benesch, Ranney, Benesch, and Smith (21) pointed out that interactions between a and /3 chains were apparently essential for three important aspects of function of hemoglobin A: the Bohr effect, the sigmoid shape of the oxygen dissociation curve (n), and the oxygen affinity. From observations on dissociation and hybridization, it may be concluded that the interchain relationships between the a and -y chains of hemoglobin F (32, 33) and between the a and 8 chains of hemoglobin A2 (34) are different from the interchain relationships of hemoglobin A (a2A p2A). These differences in interchain bonds do not, however, result in differences in the parameters of oxygen function between hemoglobins F, A2, and A. In hemoglobin Lepore, two normal a chains combined with two chains that have 8-like N-terminal and /3-like C-terminal portions, an altered oxygen affinity was observed. The altered oxygen affinity is apparently related to the presence of the unusual non-alpha chains and suggests that the interchain interactions of hemoglobin Lepore differ from those of either of the normal hemoglobins A2 or A.
Summary
The oxygen equilibria of hemoglobins A, Lepore, and A2 isolated by zone electrophoresis were studied. The oxygen equilibrium of hemoglobin A2 did not differ significantly from that of hemoglobin A subjected to the same experimental conditions. A significant increase in oxygen affinity was demonstrated in isolated hemoglobin Lepore as compared with isolated hemoglobin A. The expected and observed effect of this increased affinity on unfractionated hemoglobin from a Lepore heterozygote was so slight as to be within experimental error. Isolated hemoglobins A, A2, and Lepore appeared to have the same heme-heme interaction and each exhibited a Bohr effect, although the Bohr effect of hemoglobin Lepore might have differed from that of hemoglobin A. The increased oxygen affinity of hemoglobin Lepore may be an effect of altered interchain relationships resulting from the presence of the unusual non-alpha chains in the tetramer.
